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In  the  month  ofj)May,  ^the^inflow  from  the  Arabian  Sea  and  the  Gulf  of  Oman  Is 
detected  at  a  point  about  200  km  inside  the  Persian  Gulf  and  is  found  over  the 
shelf  off  the  Iranian  coast  within  about  50  km  from  the  shore.  -Ik# adherence 
of  the  inflow  to  the  Iranian  coast  is  due  to  <lh^Coriol is  deflections  In  the 
upper  30  meters  of  this  shelf,  the  surface  water  essentially  retains  the  char¬ 
acteristics  of  the  unmixed  surface  water  originating  in  the  Gulf  ofjDman. 
However,  the  water  at  a  30-ni  depth  has  been  mixed  partially  with  th^Hmderly- 
ing  denser  and  cooler  water  in  the  Persian  Gulf.  There  are  indications  of 
progressively  stronger  mixing  action  vnth  distance  offshore.  Thejtemperature 
of  the  inflow  appears  to  rise  5  to  7  <=*’C  while  travelling  a  200-km  distance 
from  the  Strait  to  the  study  location  off  Kish  Island. 

The  direction  of  the  currents  In  this  inflow  off  Kish  Island  was  opposed  to  the 
anticipated  general  northwest  trend  at  the  time  of  this  study.  This  is 
considered  to  indicate  tha^t  this  time  of  the  yeaiy during  ^he-morith-o^/May, 
the^inflow  is  not  sufficiently  strong  to  overcome  the  omoosing  effects  of 
local  winds.  The  average  speed  in  the  surface  30  m&ers'at  this  location  was 
0.38  knot. 

In  the  southern  half  of  the  Strait  of  Hormuz,  the  water  was  stably  stratified, 
consisting  of  three  distinct  water  masses^located  in  the  upper  30  m,  the 
middle  20  m,  and  the  lower  30  m.  The  upper  layer  exhibited  identical  water 
mass  characteristics  with  the  ffiTlow  from  the  Arabian  Sea,  and  the  lower 
layer  with  the  outflow.  The  middle  layer  represented  a  product  of  mixing 
between  the  Incoming  surface  water  and  the  outgoing  bottom  water.  The  mixing 
appeared  to  take  place  as  an  upward  entrainment  of  the  outflow.  The  outflow 
on  the  bottom  was  about  30  m  thick,  approximately  twice  the  thickness  pre¬ 
viously  reported  by  the  Meteor  expedition. 

^Salinity  and  temperature  extremes  ^fewd-fiv  this  study" 'generally  exceeded  fehe — 
historically  reported  data..  The  highest  observed  salinity  and  the  lowest 
observed  temperature  both  oectirred  in  the  bottom  layer  of  the  Strait  of 
Hormuz,  being  44.31  °/oo  and  13.8  °C  respectively.  The  highest  observed 
temperature  in  this  study  was  29.8  °C  at  the  nearshore  surface  off  Kish 
Island  in  May  1976,  and  26.3  $C  at  the  surface  of  the  Strait  of  Hormuz  In 
April  1977. 
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ABSTRACT 


Two  oceanographic  investigations  were  performed  in  the  Persian  Gulf, 
one  to  a  location  approximately  200  km  west  of  the  Strait  of  Hormuz 
in  May  1976  and  the  other  to  the  Strait  of  Hormuz  in  April  1977. 
Although  these  investigations  were  conducted  under  limited  resources 
for  the  essential  purpose  of  making  a  probing  study,  some  interesting 
results  have  been  achieved. 

In  the  month  of  May,  the  inflow  from  the  Arabian  Sea  and  the  Gulf  of 
Oman  is  detected  at  a  point  about  200  km  inside  the  Persian  Gulf  and 
is  found  over  the  shelf  off  the  Iranian  coast  within  about  50  km  from 
the  shore.  The  adherence  of  the  inflow  to  the  Iranian  coast  is  due 
to  the  Coriolis  deflection.  In  the  upper  30  meters  of  this  shelf, 
the  surface  water  essentially  retains  the  characteristics  of  the 
unmixed  surface  water  originating  in  the  Gulf  of  Oman.  However,  the 
water  at  a  30-m  depth  has  been  mixed  partially  with  the  underlying 
denser  and  cooler  water  in  the  Persian  Gulf.  There  are  indications 
of  progressively  stronger  mixing  action  with  distance  offshore.  The 
temperature  of  the  inflow  appears  to  rise  5  to  7  oc  while  travelling 
a  200-km  distance  from  the  Strait  to  the  study  location  off  Kish 
Island. 

The  direction  of  the  currents  in  this  inflow  off  Kish  Island  was 
opposed  to  the  anticipated  general  northwest  trend  at  the  time  of  this 
study.  This  is  considered  to  indicate  that  at  this  time  of  the  year 
during  the  month  of  May,  the  inflow  is  not  sufficiently  strong  to 
overcome  the  opposing  effects  of  local  winds.  The  average  speed  in 
the  surface  30  meters  at  this  location  was  0.38  knot. 

In  the  southern  half  of  the  Strait  of  Hormuz,  the  water  was  stably 
stratified,  consisting  of  three  distinct  water  masses  located  in  the 
upper  30  m,  the  middle  20  m,  and  the  lower  30  m.  The  upper  layer 
exhibited  identical  water  mass  characteristics  with  the  inflow  from 
the  Arabian  Sea,  and  the  lower  layer  with  the  outflow.  The  middle 
layer  represented  a  product  of  mixing  between  the  incoming  surface 
water  and  the  outgoing  bottom  water.  The  mixing  appeared  to  take 
place  as  an  upward  entrainment  of  the  outflow.  The  outflow  on  the 
bottom  was  about  30  m  thick,  approximately  twice  the  thickness  pre¬ 
viously  reported  by  the  Meteor  expedition. 

Salinity  and  temperature  extremes  found  in  this  study  generally  ex¬ 
ceeded  the  historically  reported  data.  The  highest  observed  salinity 
and  the  lowest  observed  temperature  both  occurred  in  the  bottom  layer 
of  the  Strait  of  Hormuz,  being  44.31  °/oo  and  13.8  oc  respectively. 

The  highest  observed  temperature  in  this  study  was  29.8  oc  at  the 
nearshore  surface  off  Kish  Island  in  May  1976,  and  26.3  °C  at  the 
surface  of  the  Strait  of  Hormuz  in  April  1977. 

1 


» 


ft 

ACKNOWLEDGEMENTS 


i 


9 


9 


9 


» 


ft 


► 


The  author  would  like  to  extend  a  sincere  appreciation 
to  the  logistics  support  provided  for  this  study  by  the  Ministry  of 
Court,  Iran,  for  the  1976  expedition  off  Kish  Island,  and  by  the  Deve¬ 
lopment  Council  of  the  Sultanate  of  Oman  for  the  1977  expedition  off 
Musandam  Peninsula  in  the  Strait  of  Hormuz.  Mr.  Kirk  Agon,  director 
of  the  Oman  office  of  Tetra  Tech,  Inc.,  has  provided  most  essential 
assistance  in  organizing  difficult  logistics  for  the  1977  study. 
Professor  Harry  Roberts  of  the  Coastal  Studies  Institute,  Louisiana 
State  University,  has  volunteered  to  assist  in  the  study  in  the  Strait 
of  Hormuz  and  has  provided  valuable  assistance  during  the  first  half 
of  the  field  operations.  The  author  is  also  grateful  to  Dr.  Li-san 
Hwang,  Senior  Vice  President  of  Tetra  Tech,  Inc.,  for  his  authorization 
on  using  part  of  the  company  resources  outside  the  limit  of  the 
project  budget  to  complete  the  analysis  of  the  data. 


ii 


TABLE  OF  CONTENTS 


ABSTRACT  .  1 

ACKNOWLEDGEMENTS . 1 1 

1.  INTRODUCTION  .  1 

2.  OBJECTIVE  . 4 

3.  SHELF  CURRENTS  .  7 

4.  WATER  MASS  CHARACTERISTICS  OVER 

THE  IRANIAN  SHELF  . 14 

5.  WATER  MASS  CHARACTERISTICS  IN 

THE  STRAIT  OF  HORMUZ . 21 

6.  DISCUSSIONS  AND  CONCLUSIONS  .  30 

BIBLIOGRAPHY . 33 

APPENDIX  A . A-l 

APPENDIX  B . B-l 

APPENDIX  C . C-l 


ill 


LIST  OF  FIGURES 


FIGURE  1.1  Study  Locations  .  2 

1.2  General  Circulations  in  the  Persian 
Gulf  (Source:  U.S.  Hydrographic 
Office  "Sailing  Directions")  .  3 

3.1  Site  of  1976  Study  off  Kish  Island  ...  8 

3.2  Current  Profiles  over  the  Iranian 

Shelf,  1976  9 

4.1  Offshore  Dependance  of  Water  Mass 
Characteristics  over  Iranian 

Shelf,  1976  16 

4.2  Cross-sections  of  Water  Mass 
Characteristics  over  Iranian 

Shelf,  1976  16 


4.3  Cross-sections  of  Water  Mass 
Characteristics  from  Meteor 
Expedition,  1965,  off  Kish  Island  ...  18 


4.4  Cross-sections  of  Water  Mass 
Characteristics  from  Atlantis 
II  Expedition,  1977,  off  Kish 

Island,  Iran  19 

4.5  Locations  of  Oceanographic 
Stations  for  Meteor  and  Atlantis 

II  Expeditions  . 20 

5.1  Oceanographic  Stations  in  the 

Strait  of  Hormuz,  1977 .  23 

5.2  Cross-sections  of  Water  Mass 
Characteristics  in  the  Strait  of 

Hormuz,  1977  24 

5.3  T-S  Diagram  26 

5.4  Distribution  of  Bottom  Water 

Samples  for  1961  USS  Requisite 
Expedition  27 

LIST  OF  TABLES 

TABLE  3.1  Statistics  of  Current  Speeds  11 

3.2  Statistics  of  Current  Directions  13 

5.1  Water  Types  in  the  Strait  of  Hormuz  22 


iv 


1. 


INTRODUCTION 


This  report  presents  the  summary  of  two  field  investigations 
performed  in  the  shelf  waters  in  the  Persian  Gulf.  The  first  investi¬ 
gation  was  carried  out  in  May  1976  off  Kish  Island,  Iran,  located  at 
approximately  200  km  west  of  the  Strait  of  Hormuz.  The  second  investi¬ 
gation  was  carried  out  in  April  1977  off  the  west  coast  of  Musandam 
Peninsula,  Oman,  in  the  Strait  of  Hormuz  (see  Figure  1.1). 

The  objective  of  these  investigations  was  primarily  to  study 
the  behavior  of  the  shelf  current  on  the  southeastern  coast  of  Iran. 
Specifically,  the  interest  was  focused  on  the  surface  current  which 
enters  from  the  Arabian  Sea  into  the  Persian  Gulf  through  the  Strait 
of  Hormuz.  The  intense  evaporation  in  the  Persian  Gulf  gives  rise  to 
an  inflow  from  the  Arabian  Sea  which,  being  lighter  in  density  than 
the  highly  condensed  water  of  the  Gulf,  forms  a  surface  current.  As 
this  current  continues  its  way  inside  the  Gulf,  the  Coriolis  deflection 
forces  it  close  to  the  Iranian  coast.  According  to  "Sailing  Directions" 
of  the  U.  S.  Navy  Oceanographic  Office  (1960),  the  inflow  would  appear 
to  reach  as  far  as  the  northern  end  of  the  Gulf  during  summer  and 
approximately  a  half  of  this  distance  during  winter  (see  Figure  1.2). 

The  first  investigation  in  this  study  was  planned  as  a 
probing  attempt  to  intercept  this  inflow  in  the  general  area  approxi¬ 
mately  200  km  inside  the  Gulf.  The  choice  of  the  study  site  for  this 
first  investigation  was  primarily  dictated  by  the  logistics  base  on 
Kish  Island  which  was  made  available  for  this  study  by  the  Governor 
of  the  Island.  It  had  also  appeared  that  in  light  of  the  descriptions 
appearing  in  the  "Sailing  Directions",  the  inflow  could  be  readily 
intercepted  in  the  general  vicinity  of  Kish  Island  at  all  times. 

During  the  investigation  off  Kish  Island,  a  total  of  28 


GENERAL  CIRCULATION.  SUMMER  (KNOTS/ 


LEGEND: 


- —  APPROXIMATE  BOUNDARY  BETWEEN  INFLOWING  AND  OUTFLOWING  CURRENTS 

— -  DIRECTION  OF  GENERAL  CIRCULATION 

FIGURE  1.2  General  Circulations  in  the  Persian  Gulf  (Source:  U.S. 
Hydrographic  Office  "Sailing  Directions"). 


stations,  confined  in  a  swath  about  10  km  wide  and  50  km  long  in  a 
due  southward  direction  from  the  Iranian  coast,  were  occupied  in 
four  cruises  with  a  profiling  current  meter  and  a  profiling  tempera¬ 
ture-conductivity  sensor.  Whereas  current  measurements  were  taken 
throughout  the  entire  study,  the  temperature-conducti vi ty  measurements 
were  possible  only  during  two  cruises  to  a  depth  of  about  30  m. 

The  second  investigation  was  planned  in  light  of  the  re¬ 
sults  of  the  first  investigation  which  had  failed  to  produce  con¬ 
vincing  evidence  of  a  strong  northwesterly  current  off  Kish  Island. 

The  site  of  the  second  investigation  was  located  in  the  Strait  of 
Hormuz,  the  point  of  entry  of  the  inflow,  where  a  total  of  5  transects 
were  occupied  with  a  profiling  current  meter  and  a  CTD.  Two  in-situ 
current  meters  taken  to  the  field  for  this  investigation  were  never 
deployed  because  of  a  threat  of  collision  with  the  passing  ships  and 
possible  vandalism.  The  second  investigation  has  resulted  in  one 
good  set  of  data  on  temperature  and  conductivity  along  a  transect 
extending  from  the  Oman  coast  to  a  mid-point  of  the  Strait. 

Although  the  data  obtained  from  the  two  investigations  are 
far  short  of  meeting  the  original  expectation,  they  appear  to  be  of 
value  in  providing  a  general  picture  of  water  mass  characteristics 
associated  with  the  inflow  through  the  Strait  of  Hormuz  and  its 
extension  into  the  Persian  Gulf. 


2.  OBJECTIVE 

In  the  Persian  Gulf,  an  annual  evaporation  is  estimated 
to  amount  to  144  cm/year,  or  326  km3  /year  from  the  total  surface 
area  of  about  226,000  km?.  The  Gulf  receives  a  fresh  water  influx 
from  precipitation  and  runoff  amounting  to  about  70  km3/year.  Accor- 
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►  ding  to  a  calculation  by  Koske  (1970),  the  evaporation  would  cause 

some  3,000  km^  of  surface  water  in  the  Persian  Gulf  to  be  condensed 
from  36.6  %,  to  40  .  In  order  to  compensate  for  the  net  loss  of 

water  in  the  Gulf,  the  water  from  the  Arabian  Sea  flows  into  the 

*  Gulf  through  the  Strait  of  Hormuz.  Considering  that  the  Persian 
Gulf  holds  only  about  8,000  km3  of  water,  it  follows  that  the  water 
in  the  Gulf  may  be  flushed  in  2  to  3  years. 

f  The  condensed  water  which  is  generated  in  the  Persian  Gulf 

is  cooled  during  the  winter  and  sinks  toward  the  bottom,  eventually 
exiting  into  the  Arabian  Sea  and  further  south  after  passing  through 
the  Strait  of  Hormuz  as  a  bottom  current.  Thus  the  Strait  contains 
two  opposing  currents:  An  inflow  on  the  surface  and  an  outflow  at 
the  bottom. 

The  following  excerpt  from  the  "Sailing  Directions"  provides 

*  an  overview  of  the  general  characteristics  of  these  currents: 

It  appears  that  there  is  an  inflow  of  water  along  the 
northern  shore  and  an  outflow  along  the  southern  shore 

y  (in  the  Persian  Gulf).  The  width  of  these  bands  of  oppo¬ 

sing  currents  varies  with  the  seasons.  The  inflow  appears 
broadest  in  summer,  partly  because  large  quantities  of 
water  of  low  salinity  enter  the  gulf  in  order  to  replace 
water  loss  by  evaporation,  and  partly  because  the  South¬ 
west  Monsoon  appears  to  pile  water  into  the  Gulf  of  Oman. 

y  During  winter  the  width  of  the  inflow  is  considerably 

reduced,  and  some  water  appears  to  escape  at  the  surface 
through  the  Strait  of  Hormuz  into  the  Gulf  of  Oman. 

The  currents  in  the  Strait  appear  to  vary  considerably  by 

*  the  season.  Chief  among  the  factors  which  Influence  the  currents  in 
the  Strait  are  the  seasonal  Southwest  and  Northeast  Monsoons,  the 
runoff  from  the  Euphrates  and  Tigris  which  appear  to  occur  during 
the  months  May-June  (Schott,  1918),  and  the  tides,  as  well  as  the 

*  evaporation.  If  we  were  to  consider  only  the  effect  of  evaporation 
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on  the  water  exchange  between  the  Persian  Gulf  and  the  Arabian  Sea, 
very  small  values  will  be  obtained  to  represent  the  velocities  of 
this  current.  For  instance,  according  to  Privett  (1959),  evaporation 
in  the  Persian  Gulf  is  at  its  annual  maximum  of  approximately  6  gm/cm2/ 
day  in  December  and  at  its  annual  minimum  of  about  2  gm/cm2/day  in 
May.  Assuming  that  the  monthly  inflow  in  the  Strait  is  proportional 
to  the  Gulf  evaporation  and  further  that  the  inflow  occupies  about 

3  km2  of  its  4-km2  cross-section  (Koske,  1970),  an  average  velocity 
of  the  inflow  during  the  month  of  December  is  estimated  to  be  about 

4  cm/sec,  a  very  small  value  compared  with  the  velocities  of  the  order 
of  60  cm/sec  observed  in  the  Straits  of  Gibraltar  and  Bab  el  Mandeb 
(Defant,  1961). 

The  adherence  of  the  inflow  to  the  northern  (i.e.,  Iran¬ 
ian)  shore  of  the  Gulf  is  due  apparently  to  the  influence  of  the 
Coriolis  deflection.  At  the  outset  of  this  study,  the  following  two 
questions  were  considered  to  be  of  special  interest: 

1.  How  would  this  inflow  interact  with  the  denser  Gulf 
water  over  the  sloped  Iranian  shelf?  Would  it  be  possible  that  this 
shore-bound  inflow  may  develop  a  trapped  mode  such  as  similar  to  the 
"coastal  jets"  which  have  been  recognized  off  the  lake  shore  as  a 
baroclinic  coastal  boundary  layer  coupled  with  a  "wedge-shaped"  pic- 
nocline  (Csanady,  1975)? 

2.  What  would  be  the  distance  of  penetration  of  the 
inflow?  Our  existing  knowledge  of  the  inflow  away  from  the  Strait 
is  essentially  based  on  either  the  interpretation  of  the  water  mass 
distribution  or  reports  by  vessels.  No  attempt  had  yet  been  made 
to  measure  the  inflow  directly. 
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3. 


SHELF  CURRENTS 


The  shelf  currents  were  investigated  off  Kish  Island, 

Iran,  which  is  located  approximately  200  km  west  of  the  Strait  of 
Hormuz  (see  Figure  3.1).  The  investigation  was  carried  out  between 
May  26  and  31,  1976.  Four  cruises  were  made  during  this  period  of 
time,  occupying  a  total  of  28  stations  to  a  point  as  far  as  about 
50  km  from  the  shore.  A  profiling  savonious  current  meter  (Hydro 
Products  Model  960S)  with  a  deck  readout  was  used  aboard  a  chartered 
dhow  (40  feet  long).  The  dhow's  anchor  failed  to  stop  the  boat  in 
a  current  in  waters  deeper  than  100  feet.  As  an  alternative,  an 
anchored  buoy  was  placed  at  each  current  meter  station  and  the  dhow 
was  maneuvered  into  a  stationary  position  alongside  the  buoy  while 
taking  the  current  measurements. 

Figure  3.2  shows  the  velocity  profiles  taken  from  the 
four  cruises  off  Kish  Island.  Each  profile  is  numbered  by  the  se¬ 
quence  of  cruises  (1  to  4)  followed  by  the  sequence  of  the  stations 
occupied  from  nearshore  to  offshore  (1  to  up  to  8).  Current  directions 
are  indicated  by  arrows  clockwise  from  the  north.  The  observed  speeds 
and  directions,  along  with  the  east-west  velocity  components,  are 
tabulated  in  Appendix  A:  CURRENT  PROFILES. 

Current  Speeds 

Table  3.1  summarizes  the  frequency  of  occurrence  of  the 
observed  current  speeds.  The  data  are  shown  separately  for  two 
ranges  of  distance  from  the  shore:  those  for  nearshore  stations 
extending  to  up  to  35  km  from  the  coast  (maximum  depth  about  35 
fathoms),  and  those  for  offshore  stations  ranging  from  about  40  to 
50  km  from  the  coast. 
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CRUISE  MAY  26.  1976 


Current  Profiles  over  the  Iranian  Shelf,  1976 


THIRD  CRUISE  MAY  30,  1976 


Current  Profiles  over  the  Iranian 


Table  3.1  Statistics  of  Current  Speeds 


NEARSHORE  STATIONS  CO  to  approximately  35  km  offshore) 


Sub- total 

100.0  100. 0  100.0 

Av.  Speed 

.31  .36  .48 

OFFSHORE  STATIONS  (approximately  40  km  and  offshore) 


Speed 

Ranges 


knots 


Sub-total  100.0 


Av.  Speed  .31 


Depth  Ranges  (m) 

0  -20  20  -  40  40< 


0. 

0.4  -  0.6 
0.6  -  0.8 
0.8  -  1.0 


Av.  Speed 


22.4 

10.7 

14.7 

15.7 

48.2 

52.4 

33.6 

43.5 

28.2 

28.6 

29.3 

28.8 

1.2 

8.3 

19.8 

10.9 

0 

0 

2.6 

1.1 

100.0 

100.0 

100.0 

100.0 

.31 

.36 

.42 

.38 

All  the  observed  current  speeds  remained  less  than  1 
knot.  The  maximum  observed  speed  was  0.9  knot,  and  the  average  of 
all  the  observed  speeds,  0.38  knot.  About  50%  of  the  observed  speeds 
were  less  than  0.35  knot,  and  about  75%  less  than  0.47  knot.  The 
"Sailing  Directions"  lists  typical  current  speeds  associated  with  the 
Gulf  circulation  at  this  location  as  0.4  -  0.6  knot  in  summer  and 
0.8  -  1.0  knot  in  winter.  Accordingly,  the  observed  current  speeds 
were  somewhat  less  than  the  reported  values. 

Among  other  noticeable  characteristics  of  the  observed 
current  speeds  were  (1)  the  lack  of  significant  dependance  on  the 
water  depth,  (2)  the  lack  of  significant  dependance  on  the  distance 
from  the  shore,  (3)  the  lack  of  significantly  higher  speeds  near  the 
water  surface  in  spite  of  frequent  sea-breeze  actions  with  up  to-  10 
knots,  and  (4)  highly  variable  speeds  from  day  to  day. 

Current  Directions 


Table  3.2  presents  the  frequency  of  occurrence  of  current 
directions.  Again,  the  data  are  shown  for  separate  groupings  of 
nearshore  and  offshore  stations.  More  than  50%  of  the  time,  the 
currents  were  directed  to  the  south  (S)  and  southeast  (SE)  sectors. 
The  southerly  (S)  currents  were  most  frequent,  occurring  28.7%  of 
the  time.  This  was  followed  by  the  southeasterly  (SE)  directions 
with  25.6%  and  the  easterly  (E)  directions  with  17.0%.  The  average 
current  directions  were  128.7°  for  the  nearshore  stations,  157.2° 
for  the  offshore  stations,  and  142.6°  for  all  the  stations.  In  par¬ 
ticular,  the  southerly  currents  dominated  the  surface  layers,  occur¬ 
ring  27.0%  in  the  0  -  20  m  layer  and  29.4%  in  the  20  -  40  m  layer. 
The  southeasterly  currents  were  most  dominant  in  the  bottom  layer 
of  40  m  and  below,  occurring  37.4%  of  the  time. 
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Table  3.2  Statistics  of  Current  Directions 


NEARSHORE  STATIONS  (0  to  approximately  35  km) 


Current 

Oepth  Ranges 

(m) 

Sub-Total 

Direction 

0  -  20 

20  -  40 

40  < 

at 

V 

at 

m 

« 

JO 

« 

N 

15.1 

2.0 

0 

6.2 

NE 

13.2 

14.3 

9.1 

12.3 

E 

18.9 

30.6 

38.6 

28.8 

SE 

73.2 

12.2 

15.9 

13.7 

S 

24.5 

26.5 

31.8 

27.4 

SW 

5.7 

10.2 

2.3 

6.2 

W 

5.7 

4  1 

2.3 

4.1 

NU 

3.8 

0 

0 

1.4 

mSaSM 

100.0 

100.0 

100.0 

100.0 

Average 

119.1 

132.2 

128.9 

123.7 

OFFSHORE  STATIONS  Capproximately  40  km  and  offshore)' 


Current 

Oepth  Ranges 

(m) 

Sub-Total 

01 rection 

Q  -  20 

20  -  40 

40  <• 

i V 

to 

% 

% 

at  ^ 

m 

N 

2.8 

11. T 

1.4 

4.2 

NE 

5.6 

2.8 

4.3 

4.2 

E 

0 

0 

9.9 

4.9 

SE 

22.2 

27.8 

50.7 

37.8 

S 

30.6 

33.3 

28.2 

30.1 

SW 

19.4 

19.4 

5.6 

12.6 

w 

16.7 

5.6 

0 

5.6 

NU 

2.8 

0 

0 

0.7 

Sub-Total 

100.0 

100.0 

100.0 

100.0 

Average 

185.1 

1 5^ .  5 

71277 

157.2  " 

ALL  STATIONS 


Current 

01 rection 

Oepth  Ranges  (m) 

0  -  20  20  -  40  40  <■ 

Sub-Total 

l 

i 

t 

•t 

m 

N 

10.1 

5.9 

0.9 

5.2 

NE 

10.1 

9.4 

6.1 

8.9 

E 

11.2 

17.7 

20.9 

17.0 

SE 

16.9 

18.8 

37.4 

25.6 

S 

27.0 

29.4 

29.6 

28.7 

SW 

11.2 

14.1 

4.4 

9.3 

w 

10.1 

4.7 

4.8 

NW 

3.4 

0 

0 

1.0 

100.0 

100.0 

100.0 

Average 

149.2 

142.9 

137.7 

142.6 

The  predominance  of  the  southerly  and  southeasterly 
currents  found  in  this  study  site  was  against  the  expectation  that 
the  inflow  arriving  from  the  Strait  of  Hormuz  would  set  in  the 
westerly  or  northwesterly  directions  at  this  location.  As  will  be 
shown  in  the  following  section,  the  surface  water  at  this  location 
strongly  resembled  the  water  found  in  the  Gulf  of  Oman,  and  undoubtedly 
the  inflow  had  reached  this  area.  The  only  explanation  to  this  si¬ 
tuation  appears  that  the  inflow  at  this  time  of  the  year  is  not 
strong  enough  to  overcome  the  opposing  effects  such  as  those  by 
winds.  Prior  to  the  cruises  on  May  26  and  27,  and  again  to  those 
on  May  30  and  31,  a  strong  westerly  storm  blew  in  this  area.  It  is 
possible  that  the  residual  currents  generated  by  the  storm  were  still 
active  at  the  time  of  the  current  measurements. 

4.  WATER  MASS  CHARACTERISTICS  OVER  THE  IRANIAN  SHELF 

Temperature  and  conductivity  were  measured  by  means  of  a 
deck-mounted  induction  salinometer  (Beckman  RS5-3).  These  measure¬ 
ments  could  be  performed  only  during  Cruises  3  (May  30)  and  4  (May 
31)  owing  to  the  delay  in  clearing  the  customs  at  Dubai. 

Figure  4.1  shows  the  offshore  dependance  of  temperature, 
salinity  and  density  (sigma-t)  at  the  surface  and  a  30-m  depth. 
Tabulation  of  the  temperature,  salinity  and  sigma-t  data  is  presented 
in  Appendix  B. 

At  the  surface,  temperature  increased  toward  offshore  from 
about  27  °C  to  about  29  °C,  while  salinity  remained  generally  constant 
at  around  37  o/00.  At  a  30-m  depth,  temperature  decreased  toward  off¬ 
shore,  while  salinity  increased  in  the  same  direction.  As  will  be 
shown  in  the  discussion  of  water  mass  characteristics  in  the  vicinity 


of  the  Strait  of  Hormuz,  the  water  found  over  the  Iranian  shelf  off 
Kish  Island  represents  a  typical  surface  water  of  the  Gulf  of  Oman 
partially  mixed  with  the  water  of  the  Persian  Gulf.  The  generally 
constant  salinity  at  the  surface  around  37  o/00  represents  an  essen¬ 
tially  identical  salinity  to  that  of  the  surface  water  in  the  Gulf  of 
Oman.  The  progressi vely  increasing  salinity  toward  offshore  at  a 
30-m  depth  indicates  that  the  inflow,  while  moving  along  the  Iranian 
coast  as  a  surface  current,  has  been  mixing  with  the  dense  Persian 
Gulf  water  underneath.  Since  the  Persian  Gulf  water  is  cooler  than 
the  water  in  the  Gulf  of  Oman  at  this  time  of  the  year,  temperature 
at  a  30-m  depth  should  be  cooler  than  that  of  the  surface  water  as 
a  result  of  the  mixing,  and  should  also  decrease  toward  offshore  as 
the  mixing  process  is  expected  to  be  progressively  more  active  away 
from  the  coast. 

Figures  4.2  A,  B,  and  C  show  cross-sectional  views  of 
temperature,  salinity  and  density  (sigma-t)  distributions  off  Kish 
Island.  The  distribution  patterns  are  conspicuously  different  be¬ 
tween  the  two  cruises  which  were  made  on  two  consecutive  days,  indi¬ 
cating  that  the  characteristics  of  the  conditions  were  highly  dynamic. 
There  are  indications  of  a  weak  upwelling  during  Cruise  3,  but  this 
feature  disappeared  the  next  day  during  Cruise  4. 

Figures  4.3  and  4.4  show  water  mass  cross-sections  taken 
in  the  same  general  area  by  the  Meteor  expedition  in  1965  and  the 
Atlantis  II  expedition  of  the  Woodshole  Oceanographic  Institution 
in  1977.  The  locations  of  these  cross-sections  are  indicated  in 
Figure  4.5.  It  is  noticed  that  the  Meteor  expedition  took  place 
In  April,  whereas  the  Atlantis  II  data  were  taken  in  February.  Whereas 
these  two  sets  of  data  exhibit  a  strong  similarity  with  each  other, 
they  both  show  distinctly  lower  temperatures  than  those  observed  in 
this  study.  Furthermore,  whereas  the  vertical  temperature  gradient 
in  the  upper  30  meters  in  the  Meteor  and  Atlantis  II  data  were 
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TEMPERATURE  I  I  A.  TEMPERATURE  (°C) 


FIGURE  4.1  Offshore  Dependance  of  Water  Mass  FIGURE  4.2  Cross-sections  of  Water  Mass  Characteristics 

Characteristics  over  Iranian  Shelf,  1976  over  Iran1an  Shelf’  1976 
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ATLANTIS  II  EXPEDITION 


Locations  of  Oceanographic  Stations  for  Meteor  and  Atlantis  II  Expeditions 


only  about  0.02  -  0.05  °C/meter,  it  was  as  much  as  0.15  oc  in  this 
study.  These  differences  would  mean  that  the  inflow  grows  by  a 
quantum  jump  between  April  and  May  off  Kish  Island,  with  accompanying 
intensification  of  mixing  with  the  cooler  Persian  Gulf  water. 

It  is  interesting  to  notice  in  both  Figures  4.3  and  4.4 
the  presence  of  a  warm-water  lens  on  the  offshore  surface  bounded 
by  a  22  oc  isotherm  in  an  area  approximately  30  -  50km  from  the  shore. 
This  warm-water  lens  may  represent  the  core  of  the  inflow  and  be  re¬ 
sponsible  for  the  increase  in  surface  temperature  toward  offshore  as 
observed  in  this  study.  The  presence  of  a  similar  warm-water  lens 
is  only  partially  indicated  in  the  data  of  this  study. 

The  three  sets  of  data  show  a  similar  order  of  magnitude 
for  salinity,  except  that  a  distinct  halocline  indicated  in  both  the 
Meteor  and  Atlantis  II  data  has  not  been  revealed  in  this  study  which 
sampled  the  water  only  to  a  depth  of  30  m.  The  presence  of  a  lens 
of  low-salinity  surface  water  about  40  -  50  km  offshore,  shown  in  the 
Meteor  data  (Figure  4.3B),  again  is  an  indication  of  the  core  of  the 
inflow  at  this  location. 


5.  WATER  MASS  CHARACTERISTICS  IN  THE  STRAIT  OF  HORMUZ 

The  investigation  in  the  Strait  of  Hormuz  was  conducted 
during  the  latter  part  of  April  in  1977.  It  should  be  noted  that 
this  investigation  was  carried  out  on  the  Oman  side  of  the  Strait 
south  of  the  international  boundary,  hence  away  from  an  area  off 
the  Iranian  shore  where  the  inflow  is  believed  to  be  concentrated 
(see  Figure  5.1).  Temperature  and  conductivity  were  measured  with 
a  CTD  meter  (Martek  model  TDC)  aboard  a  chartered  dhow.  Tabulation 
of  the  data  is  presented  in  Appendix  C. 
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Figure  5.2A,  B,  and  C  show  the  cross-sections  of  tempera¬ 
ture,  salinity  and  density  obtained  in  this  study  in  the  southern 
half  of  the  Strait  of  Hormuz.  Figure  5. 2D  shows  a  cross-sectional 
distribution  of  water  types,  based  on  a  T-S  analysis  as  shown  in 
Figure  5.3.  The  data  off  Kish  Island  over  the  Iranian  shelf  obtained 
in  the  1976  field  study  are  also  plotted  in  Figure  5.3  to  allow 
comparison. 

The  water  masses  in  the  Strait  are  distinctly  stratified, 
consisting  of  three  types  in  terms  of  temperature,  salinity  and  depth, 
as  shown  in  Table  5. 1 . 


Table  5.1 


Water  Types  in  the  Strait  of  Hormuz 


Layers 

Thickness 

Temperature 

Salinity 

Range 

Gradient 

Range 

Gradient 

(m) 

(°C) 

(PC/M) 

(OC) 

m 

Upper 

0  to  30 

26-23 

-0.60 

35-38 

BQH 

Middle 

5  to  25 

21-16 

-0.20 

38-40 

I 

Lower 

30  to  60 

16-14 

-0.03 

41-44 

-0.20 

The  upper  layer  featured  relatively  high  temperatures 
above  23  °C  and  low  salinities  below  38  °/00,  and  essentially  repre¬ 
sented  the  typical  characteristics  of  the  oceanic  waters  in  the 
Arabian  Sea.  In  the  Strait,  this  water  was  found  above  a  distinct 
thermocline  which  sloped  steeply  from  a  point  about  30  km  offshore 


DEPTH  IN  FATHOMS 

LEGEND 

•  STATIONS  WITH  GOOD  DATA 
O  STATIONS  WITH  NO  DATA 


FIGURE  5.1  Oceanographic  Stations  In  the  Strait  of  Hormuz,  1977 
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FIGURE  5.2  Cross-sections  of  Water  Mass  Characteristics  In  the  btrait  or  Hormuz,  1977 
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FIGURE  5.3  T-S  Diagram 
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Distribution  of  Bottom  Water  Samples  for  1961  USS  Requisite  Expedition 


Co  a  depth  of  about  30  m  on  the  nearshore  bottom. 


The  middle  layer  was  wedged  between  the  upper  and  bottom 
layers  with  thicknesses  varying  from  zero  at  the  nearshore  bottom 
to  about  25  m  at  a  point  about  30  km  offshore.  The  T-S  diagram  in 
Figure  5.3  suggests  that  this  layer  is  a  mixing  zone  between  the 
upper  and  the  bottom  layers.  Temperatures  in  this  layer  ranged  from 
about  21  to  16  °C,  and  salinities  from  about  38  to  40  o/00. 

The  bottom  layer  occupied  a  thickness  as  much  as  about  60% 
of  the  entire  cross-section  in  the  southern  half  of  the  Strait,  whereas 
the  upper  and  middle  layers  occupied  only  about  20%  each.  This  si¬ 
tuation  was  quite  contrasting  with  the  Meteor  data  which  revealed  only 
a  thin  bottom  layer  about  15  m  thick.  It  is  possible  that  the  Meteor 
expedition  employing  sparsely  distributed  stations  might  have  missed 
the  core  of  the  bottom  layer.  The  water  in  the  bottom  layer  in  this 
study  featured  very  low  temperatures  generally  less  than  16  °C  and 
very  high  salinities  generally  above  40  °/oo-  The  lowest  observed 
temperature  of  14.8  OC  and  the  highest  observed  salinity  of  44.06  o/oo 
were  both  located  in  this  layer. 

It  is  of  interest  to  notice  in  Figures  5.2  that  whereas  the 
isopycnal  boundary  between  the  upper  and  middle  layers  is  well  defined, 
that  between  the  middle  and  lower  layers  is  relatively  indistinct. 

This  would  mean  that  there  exists  an  upward  entrainment  of  the  out¬ 
going  Gulf  water  from  the  lower  to  the  middle  layers. 

In  order  to  estimate  the  distribution  of  the  water  masses 
found  in  this  study  In  the  general  vicinity  of  the  Strait  of  Hormuz, 
the  data  on  bottom  water  samples  obtained  by  the  USS  Requisite  expe¬ 
dition  of  the  U.S.  Naval  Oceanographic  Office  (Peery,  1965)  are  shown 
in  the  T-S  diagram  of  Figure  5.3  (see  the  range  of  data  scatter 


delineated  by  shaded  areas  named  A,  B,  C,  D  and  E).  This  expedition 
was  carried  out  during  January  through  March  1961.  The  location  of 
the  data  is  shown  in  Figure  5.4. 

It  is  evident  that  some  of  the  USS  Requisite  data  fall 
in  the  same  area  of  the  data  of  this  study  in  the  T-S  diagram  (Figure 
5.3).  For  instance,  water  type  A,  which  occupies  the  Strait  to  its 
approximate  mid-point  (Figure  5.4),  is  essentially  identical  to  the 
water  found  in  the  surface  layer  on  the  Oman  (southern)  side  of  the 
Strait  in  this  study.  This  means  that  this  water  type,  probably  re¬ 
presenting  the  core  of  the  inflow  from  the  Arabian  Sea,  which  normally 
adheres  to  the  northern  (Iranian)  shore  while  transiting  through  the 
Strait,  was  spilling  over  to  the  south  (Oman)  side  during  the  time 
of  our  study  in  April.  Water  type  B,  which  is  found  in  a  band  elon¬ 
gated  as  far  as  Kish  Island  and  beyond  in  the  USS  Requisite  data 
(Figure  5.4),  essentially  represents  the  same  characteristics  with 
the  intermediate  water  on  the  south  side  of  the  Strait  found  in  this 
study  (Figure  5.3).  This  water  type  is  a  product  of  partial  mixing 
between  the  water  from  the  Arabian  Sea  and  that  inside  the  Persian 
Gulf.  Both  of  these  water  types  A  and  B  also  appear  in  the  Atlantis 
II  data,  type  A  covering  the  entire  surface  of  the  Strait  of  Hormuz 
and  type  B  in  an  elongated  band  along  the  Iranian  coast  inside  the 
Persian  Gulf.  Types  C,  D  and  E  in  the  USS  Requisite  data  failed  to 
appear  on  the  southern  half  of  the  Strait  in  this  study. 

Figure  5.3  also  allows  comparison  between  the  waters  off 
Kish  Island  which  were  investigated  during  the  study  in  May  1976 
and  in  the  Strait  of  Hormuz  in  April  1977.  The  water  off  Kish  Island 
is  seen  in  this  T-S  diagram  to  represent  an  upward  transition  in 
temperature  scale  from  the  surface  water  in  the  Strait,  while  maintain¬ 
ing  essentially  the  same  level  of  salinity.  This  means  that  the 
inflow  has  been  influenced  by  the  wanning  trend  in  the  Persian  Gulf 
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while  traveling  from  the  Strait  to  the  points  near  Kish  Island,  a 
distance  of  about  200  km.  A  downward  transposition  of  the  data  for 
Kish  Island  by  about  5  to  7  oc  in  the  T-S  diagram  will  produce  an 
almost  complete  superimposition  of  the  Kish  Island  data  over  the 
surface  and  middle  layers  in  the  Strait,  indicating  that  the  tempe¬ 
rature  rise  due  to  the  warming  trend  was  approximately  5  to  7  °C, 
and  that  the  waters  in  the  upper  30  m  found  within  about  50  km  off 
Kish  Island  in  May  1976  were  essentially  the  same  water  found  in  the 
upper  and  middle  layers  (to  25  to  30  m  in  depth)  in  the  Strait  in 
April  1977. 


6.  DISCUSSIONS  AND  CONCLUSIONS 

The  Persian  Gulf  is  known  to  generate  one  of  the  highest 
salinities  of  sea  water  in  the  world.  Historically,  the  highest 
observed  salinity  on  record  was  42.6  °/oo  reported  by  Blegvad  in  the 
Bahrein  Bay  area  (Blegvad,  1944).  The  1961  USS  Requisite  expedition 
reported  42.08  o/00  east  of  Qatar  Peninsula  in  January.  Emery  (1956) 
reported  a  measurement  of  42.4  o/00  in  the  Kuwait  and  Bahrein  Bays. 

A  maximum  salinity  reported  by  the  Atlantis  II  expedition  in  1977 
was  41.3  o/oo ,  and  that  by  the  Meteor  expedition  40.61  °/00. 

A  maximum  salinity  measured  in  this  study,  i.e.  44.31  o/00, 
exceeds  any  of  the  historical  highs  reported.  Out  of  the  55  readings 
taken  in  the  bottom  layer  in  the  Strait  of  Hormuz  in  1977,  all  but 
5  readings  exceeded  40  o/00  in  this  study. 

The  lowest  historical  record  of  sea  water  temperature  in 
the  Persian  Gulf  was  12.3  °C  south  of  Shatt  al  Arab  in  mid-February 


(Schott,  1918).  Other  low  temperatures  reported  in  recent  years 
were  17.68  oc  by  the  Meteor  expedition  in  1965  (Brettschneider  et 
al.,  1970),  16.31  oc  by  the  Atlantis  II  expedition  (Brewer  et  al., 
1978),  and  17.30  °C  by  the  USS  Requisite  expedition  (Peery,  1965). 

The  lowest  observed  temperature  in  this  study  was  13.8  oc,  lower  than 
all  the  historical  lows  except  for  the  all-time  low  of  12.3  °C 
reported  by  Schott  (1918).  Of  the  55  temperature  readings  taken 
in  the  bottom  layer  in  the  Strait  of  Hormuz  in  this  study,  all  but 
9  readings  exhibited  temperatures  lower  than  16  °C. 


The  highest  observed  sea  water  temperature  in  this  study 
was  29.8  oc  in  the  nearshore  surface  off  Kish  Island  in  May  1976, 
and  26.3  °C  at  the  surface  (1  m  deep)  in  the  Strait  of  Hormuz  in 
April  1977. 

Key  conclusions  of  this  study  are  summarized  below: 


1.  In  the  month  of  May,  the  inflow  from  the  Arabian  Sea 
and  the  Gulf  of  Oman  is  detected  at  a  point  about 
200  km  inside  the  Persian  Gulf  and  is  found  over  the 
shelf  off  the  Iranian  coast  within  about  50  km  from 
the  shore.  In  the  upper  30  meters  over  this  shelf, 
the  surface  water  is  essentially  an  unmixed  water 
originating  in  the  Gulf  of  Oman.  However,  the  water 
at  a  30-m  depth  has  been  mixed  partially  with  the 
water  in  the  Persian  Gulf.  The  temperature  of  this 
water  was  5  to  7  oc  higher  than  at  the  Strait,  pro¬ 
bably  due  to  the  warming  trend  in  the  Gulf  at  this 
time  of  the  year. 

2.  The  direction  of  the  currents  In  this  inflow  off  Kish 
Island  was  opposed  to  the  general  northwest  trend  at 
the  time  of  this  study.  This  is  considered  to  indicate 
that  at  this  time  of  the  year  (May)  the  inflow  is  not 
sufficiently  strong  to  overcome  the  effects  of  local 
winds. 

3.  In  the  southern  half  of  the  Strait  of  Hormuz,  the  water 
is  stably  stratified,  consisting  of  three  distinct 


layers  in  the  upper  30  m,  the  middle  20  m,  and  the 
lower  30  m.  The  upper  layer  exhibits  identical  water 
mass  characteristics  with  the  inflow  from  the  Arabian 
Sea,  the  lower  layer  with  the  outflow.  The  middle 
layer  represents  a  product  of  mixing  between  the  inflow 
and  the  outflow.  The  mixing  takes  places  as  an  upward 
entrainment  of  the  outflow. 

4.  The  outflowing  bottom  layer  observed  in  this  study  was 
approximately  30  m  thick,  about  twice  the  thickness 
previously  reported  by  the  Meteor  expedition. 

5.  Salinity  and  temperature  extremes  found  in  this  study 
generally  exceeded  the  historically  reported  data. 

The  highest  observed  salinity  and  the  lowest  observed 
temperature  in  this  study  both  occurred  in  the  bottom 
layer  in  the  Strait  of  Hormuz,  being  44.31  o/00  and 
13.8  OC,  respectively.  The  highest  observed  tempera¬ 
ture  in  this  study  was  as  much  as  29.8  °C  at  the  near¬ 
shore  surface  off  Kish  Island  in  May  1976,  and  26.3  °C 
at  the  surface  of  the  Strait  of  Hormuz  in  April  1977. 
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APPENDIX  A 

CURRENT  PROFILES 
THE  IRANIAN  SHELF 
MAY  1976 
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D [M ] :  Depth  in  meters.  V[KTS]:  Speed  in  knots. 
C[DEG]:  Direction  to,  in  degrees  clockwise  from  N. 
X:  in  knots,  (t)  to  east,  (-)  to  west. 

Y:  in  knots,  (t)  to  north,  (-)  to  south. 
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CURRENT  PROFILES  (cont’d.) 
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WATER  MASS  PROFILES  (cont’d.) 
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WATER  MASS  PROFILES  (cont’d.) 
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water  MASS  PROFILES  (cont’d.) 
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WATER  MASS  PROFILES  (cont’d.) 
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